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The precision expected for the rare K → piνν¯ decays by the NA62 and KOTO experiments
in the coming decade will rival their current SM predictions. In preparation for this upcoming
opportunity, we review the SM predictions and discuss the sensitivity of these decays to
models beyond the Standard Model, considering in particular simplified Z and Z′ models
as benchmarks. In the latter case we also discuss how these decays could ultimately probe
distance scales as small as zeptometers i.e. peek into the Zeptouniverse.
1 Introduction
Since the turn on of the LHC half a decade ago, the high energy physics community has yet to
discover a conclusive signal of New Physics (NP), its coveted goal. However, it has narrowed
down the search; in particular placing lower mass bounds on several hypothesized NP particles
via direct searches. And much progress has also been made on indirect searches, which may be
our last hope in the LHC-era should the NP scale prove to be out of reach of direct searches. By
indirect searches we refer in particular to flavour changing neutral currents (FCNC) processes,
which are necessarily loop suppressed in the Standard Model (SM) due to the GIM mechanism,
and further so by the almost diagonal CKM matrix structure. In contrast, FCNCs in models
of NP need not be suppressed at all. A prominent example is meson mixing, which is driven
by ∆F = 2 FCNC processes that can probe NP scales up to thousands of TeV 1,2 if the NP is
unsuppressed, or, equivalently, down to distances smaller than a zeptometer. The catch is that
were NP detected through such channels, many details would remain hidden.
This is where rare ∆F = 1 FCNC decays enter, which have the advantage that their operator
structure, for example whether they couple left (LH) or right handedly (RH) to quarks or leptons,
is exposed by the spin structure of the final state. This would reveal much about the nature of the
NP, and it is thereby worth asking what scales could ultimately be reached by such processes.
The two famous examples to be discussed in this talk are the rare decays K+ → pi+νν¯ and
KL → pi0νν¯. These decays are driven by electroweak (EW) loops, in particular Z-penguins
with internal top quarks. The two decays differ only by their spectator quarks, though due to
its CP-even final state the KL → pi0νν¯ decay is almost completely CP violating, in contrast
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Figure 1 – Error budgets for the branching ratio observables B(K+ → pi+νν¯) and B(KL → pi0νν¯) 11. The
remaining parameters, which each contribute an error of less than 1%, are grouped into the “other” category.
to K+ → pi+νν¯, which also has a CP conserving component. Strikingly, the CKM structure
corresponding to the leading s → d transitions in these decays is two orders of magnitude
smaller than for b → {d, s} transitions, making these decays exceptionally suppressed in the
SM. Furthermore, the long-distance physics described by the hadronic matrix elements of these
decays, which is typically a troublesome source of uncertainty for meson decays, can be accurately
related using chiral perturbation theory to those of charged semileptonic decays 3. Thus these
decays are also exceptionally theoretically clean, and thereby ideal probes of NP.
Experimental progress to date has been modest, with an imprecise branching ratio measure-
ment for K+ → pi+νν¯ 4, and an upper-bound on KL → pi0νν¯ 5. It is therefore exciting that
within the next 10 years the NA62 experiment at CERN hopes to measure the former mode
with a precision of 10% relative to the SM 6,7, and the KOTO experiment hopes to observe the
latter mode 8. Unfortunately, two experiments planned at Fermilab to measure both to a 5%
precision, ORKA 9 and Project X 10, do not look set to continue.
Nonetheless, a lot is possible with the planned precision. In Section 2 we will discuss the
status and perspectives of these two decays in the SM. In Section 3 we will discuss how their
interplay can discriminate between various models of NP using simplified Z and Z ′ models as a
basis. Furthermore we will briefly discuss what NP scales could ultimately be reached in general
for these decays.
2 K → piνν¯ in the Standard Model
In the SM these decays are dominantly driven by so-called Z-penguins. Due to the breaking of
the GIM-mechanism by the squared masses of the internal quarks, the heavy top-quark loops
dominate, yet charm-loops also remain relevant due to their larger CKM contribution. The
branching ratio observables can be expressed as
BR(K+ → pi+νν¯) = κ˜+
[(
Im(VtdV
∗
ts)
λ5
X(xt)
)2
+
(
Re(VcdV
∗
cs)
λ
Pc(X) +
Re(VtdV
∗
ts)
λ5
X(xt)
)2]
BR(KL → pi0νν¯) = κL
(
Im(VtdV
∗
ts)
λ5
X(xt)
)2
(1)
where the accurately determined κ˜+
a and κL include the hadronic matrix elements
3. The
charm loop contributions have been determined with NNLO QCD corrections 12,13 and NLO
EW corrections 14. A numerical update gives 11
Pc(X) = 0.404± 0.024. (2)
aThe tilde denotes the inclusion of electromagnetic radiative correction.
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Figure 2 – Left panel: comparison of 68% C.L. regions for B(KL → pi0νν¯) and B(Bs → µ+µ−) versus B(K+ →
pi+νν¯), using different CKM inputs as described in the test 11. Right panel: correlation of B(Bs → µ+µ−) versus
B(K+ → pi+νν¯) for fixed values of γ: the dashed regions correspond to the 68% C.L. from the uncertainties
on all other inputs, while the inner filled regions correspond only to the uncertainties from the remaining CKM
inputs 11.
Similarly, the top loops have been determined with NLO QCD corrections 15,16 and NLO EW
corrections 17, for which a numerical update gives 11
X(xt) = 1.481± 0.005|th ± 0.008|exp. (3)
That leaves only the CKM matrix element inputs VtdV
∗
ts and VcdV
∗
cs.
For studies of NP it is preferable to use CKM inputs that are derived from tree-level ob-
servables, namely from |Vus|, |Vub|, |Vcb| and the unitarity triangle angle γ, as these are not
likely to be tainted by NP. However, in doing so we encounter the currently large discrepan-
cies between exclusive and inclusive determinations of the CKM matrix elements |Vcb| and |Vub|
from semileptonic B decays (see 18). Specifically, we have |Vub|excl = (3.72 ± 0.14) × 10−3 19
versus |Vub|incl = (4.40± 0.25)× 10−3 20 and |Vcb|excl = (39.36± 0.75)× 10−3 21 versus |Vcb|incl =
(42.21 ± 0.78) × 10−3 22. This effect is unlikely to be due to NP 23. One way to proceed is to
assume both determinations are equally correct and take a weighted average, inflating the errors
via the PDG method 24, which gives
|Vub|avg = (3.88± 0.29)× 10−3, |Vcb|avg = (40.7± 1.4)× 10−3. (4)
Using these values together with |Vus| = 0.2252 ± 0.0009 and γ = (73.2+6.3−7.0)◦ 25 gives the
branching ratio predictions
BR(K+ → pi+νν¯) = (8.4± 1.0)× 10−11, BR(KL → pi0νν¯) = (3.4± 0.6)× 10−11. (5)
In Figure 1 we show the corresponding error budgets, where the CKM errors are clearly seen
to dominate both predictions. The parametric dependence on the leading CKM input of both
decays is given by 11
BR(K+ → pi+νν¯) = (8.39± 0.30)× 10−11
[ |Vcb|
40.7× 10−3
]2.8 [ γ
73.2◦
]0.708
(6)
BR(KL → pi0νν¯) = (3.36± 0.05)× 10−11
[ |Vub|
3.88× 10−3
]2 [ |Vcb|
40.7× 10−3
]2 [ sin γ
sin(73.2◦)
]2
(7)
A comparison can be made with the CKM inputs determined purely from the loop-level observ-
ables |K |, ∆Md, ∆Ms and SJ/ψKS , assuming no NP enters these observables 11. The dominant
uncertainty in this case is QCD lattice input, which, using the latest FLAG results 21, results in
the more precise predictions
BR(K+ → pi+νν¯) = (9.1± 0.7)× 10−11, BR(KL → pi0νν¯) = (3.0± 0.3)× 10−11 (8)
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Figure 3 – Left panel: illustration of coverage of general LH and RH NP with arbitrary CP phase (red region),
compared with correlations occurring in the case of MFV (green region) or purely LH or RH NP subject to kaon
mixing constraint (blue region). Right panel: the MFV relation between K+ → pi+νν¯ and KL → pi0νν¯ using
SψKS ' sin 2β versus using the various tree-level inputs of |Vcb/Vub| and γ compatible with current constraints.
that are valid only in the SM. In the left panel of Figure 2 a comparison of these results is given
with the tree-level averages given above, as well as taking purely inclusive or exclusive values.
It is tempting to construct SM predictions independent of the tree-level |Vcb| and |Vub|
determinations. To that end we can use that the Bs → µ+µ− branching ratio is effectively
proportional to |Vcb|2 – its dominant uncertainty, followed by the Bs meson decay constant fBs .
Combining this observable with (6) to eliminate |Vcb|, we then have to a very good accuracy in
the SM the prediction 11
BR(K+ → pi+νν¯) = (65.3± 2.9)
[
BR(Bs → µ+µ−)
]1.4 [ γ
73.2◦
]0.708 [ fBs
227 MeV
]−2.8
(9)
We show this relation in the right panel of Figure 2 for fixed values of γ, and illustrate the small
dependence on the remaining CKM inputs.
3 K → piνν¯ beyond the Standard Model
Due to vanishingly small neutrino masses, Higgs-like scalar couplings to a pair of neutrinos are
negligible both in and beyond the SM. As a result NP contributions to s → dνν¯ transitions
in the K → piνν¯ decays are typically mediated by vector bosons. In this case NP generally
enters in two ways: via modified Z couplings to quarks, for example in the MSSM involving
supersymmetric penguin processes, or via a new heavy Z ′-like gauge boson. To illustrate the
main features of such models, we will consider simplified Z and Z ′ models with tree-level FCNC
couplings to quarks – for which we denote left and right handed couplings by ∆sdL,R(Z
(′)) – and
diagonal coupling to neutrinos, denoted by ∆ννL (Z
(′)). The top-quark loop function in the SM
then receives the following NP correction 26:
X(xt)→ X(xt)SM + pi
2
2M2WG
2
F
∆ννL (Z
(′))
V ∗tsVtdM
(′)2
Z
[
∆sdL (Z
(′)) + ∆sdR (Z
(′))
]
, (10)
where MZ′ is the mass of the heavy new Z
′ boson. From inspection of (1) we observe that
K+ → pi+νν¯ is sensitive to both the real and imaginary NP contributions to X(xt), while
KL → pi0νν¯ only to the latter. In the left panel of Figure 3 the red region illustrates the general
coverage of left and right handed NP with an arbitrary CP violating phases in the K+ → pi+νν¯
versus KL → pi0νν¯ plane i.e. in general there is no correlation present.
Minimal Flavour Violation (MFV) is a mechanism to protect against large FCNCs in models
beyond the SM by insisting that FCNCs can only arise from SM Yukawas. For the decays
in question this implies the combination VtdV
∗
tsX(xt) can be modified by NP provided any
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Figure 4 – The 3σ allowed ranges for B(KL → pi0νν¯) and B(K+ → pi+νν¯) in a simplified model with modified Z
couplings (left panel) or a simplified model with a 5 TeV Z′ (right panel) obeying CMFV 32. In the former case
∆F = 1 constraints are most constraining, while in the latter ∆F = 2 are very constraining assuming the Z′ has
the same coupling to neutrinos as the Z.
shifts with respect to X(xt) are real valued. Translated to our simplified models this means
arg(∆sdL ) = arg(VtdV
∗
ts) and that ∆
sd
R = 0 for both Z and Z
′. The condition of MFV results in
the green band shown in the left panel of Figure 3. The CKM input entering this correlation
is to a very good accuracy only the UT angle β, which gives a triple correlation between these
two decays and the CP violating observable SJ/ψKS that is unaffected by NP in MFV
27. In the
right panel of Figure 3 we illustrate the current status of this relation, and compare it to the
larger errors obtained from using tree-level CKM inputs.
Correlations between the K → piνν¯ decays also arise from considering the constraints from
other kaon observables. Notably NP contributions to CP violation in kaon mixing are propor-
tional to 28
NPK ∝
1
M
(′)2
Z
Im
[
∆sdL (Z
(′))2 + ∆sdR (Z
(′))2 + 2κsd ∆sdL (Z
(′))∆sdR (Z
(′))
]
, (11)
where κsd is the ratio of the corresponding hadronic matrix elements. Thus in the case of
purely left or right handed NP, the square of the respective imaginary components are strongly
constrained by experiment, which results in the two blue branches illustrated in the left panel
of Figure 3. Aside from its presence in various Z ′ models with purely left or right handed
couplings 29,26, this correlation also appears for instance in Little Higgs models with T-parity 30.
In a Randall-Sundrum model with a custodial symmetry that allows only for large new right-
handed FCNC couplings, the correlation is lost due to the kaon mixing constraint being saturated
by additional NP 31.
Besides from kaon mixing, also direct CP violation in K → pipi, namely ′/, can lead to
strong constraints for the imaginary parts of ∆sdL,R. In this case the imaginary components are
not squared, so that limits on ′/ directly limit the branching ratio of KL → pi0νν¯. This is
in particular the case for a simplified Z model, as in a simplified Z ′ model the diagonal quark
couplings must also be addressed for this constraint to be meaningful. If the coupling of the
vector boson driving the s → dνν¯ transition is related to s → dµµ¯, for example by SU(2)L
symmetry, then also the current upper bound BR(KL → µ+µ−)SD < 2.5× 10−9 33 can constrain
NP in BR(K+ → pi+νν¯), as its NP contribution is proportional to Re(∆sdL −∆sdR ). The (anti-
)correlation of these two branching ratios can also reveal the presence of left-handed (right-
handed) NP 34, as for example demonstrated in Randall-Sundrum 31 and partially composite
models 35.
In models with MFV the corresponding CKM suppression usually implies that the NP effects
compatible with present constraints are small. In the MSSM with MFV, for example, it has
been shown that NP effects are in general limited to be about 10% 36,37. In the left panel of
Figure 4 we show the applicable constraints in the K+ → pi+νν¯ versus KL → pi0νν¯ plane for
a simplified Z model with MFV 32. Similarly, in the right panel we show the constraints for a
simplified Z ′ obeying MFV, with a mass of 5 TeV and the same strength couplings to neutrinos
as the Z 32. We observe that in the case of the lighter Z the ∆F = 1 constraints are the most
constraining, while for the Z ′ the ∆F = 2 constraints are already very constraining.
Finally let us address what NP scales could ultimately be reached, taking as a benchmark a
simplified Z ′ model with maximum couplings to quarks and leptons consistent with perturba-
tivity. If the Z ′ couples only left or right handedly to quarks, the constraints from kaon mixing
apply, and scales as high as 50 TeV, or equivalently 4 zeptometers can be reached 28. If both LH
and RH couplings are present, then a tuning is possible that cancels the kaon mixing constraint,
allowing distances under a zeptometer to be probed. In other words, the K → piνν¯ decays
will not only be excellent probes of NP in the coming decade, they could eventually allow the
Zeptouniverse to be probed by ∆F = 1 rare decays processes.
Acknowledgments
I would like to thank the organizers of the Moriond Electroweak Conference for their organization
and hospitality. I am grateful to Andrzej Buras, Dario Buttazzo and Jennifer Girrbach-Noe for
their collaboration on topics presented in this talk. This research was completed and financed
in the context of the ERC Advanced Grant project “FLAVOUR”(267104) and was partially
supported by the DFG cluster of excellence “Origin and Structure of the Universe”.
References
1. Jerome Charles, Sebastien Descotes-Genon, Zoltan Ligeti, Stephane Monteil, Michele
Papucci, et al. Future sensitivity to new physics in Bd, Bs and K mixings. Phys.Rev.,
D89:033016, 2014.
2. M. Bona et al. Model-independent constraints on ∆ F=2 operators and the scale of new
physics. JHEP, 0803:049, 2008. Updates available on http://www.utfit.org.
3. Federico Mescia and Christopher Smith. Improved estimates of rare K decay matrix-
elements from K`3 decays. Phys. Rev., D76:034017, 2007.
4. A. V. Artamonov et al. New measurement of the K+ → pi+νν¯ branching ratio. Phys.
Rev. Lett., 101:191802, 2008.
5. J.K. Ahn et al. Experimental study of the decay K0L → pi0νν¯. Phys.Rev., D81:072004,
2010.
6. G. Aglieri Rinella, R. Aliberti, F. Ambrosino, B. Angelucci, A. Antonelli, et al. Prospects
for K+ → pi+νν¯ at CERN in NA62. 2014.
7. Angela Romano. The K+ → pi+νν¯ decay in the NA62 experiment at CERN. 2014.
8. Koji Shiomi. K0L → pi0νν¯ at KOTO. 2014.
9. E.T. Worcester. ORKA, The Golden Kaon Experiment: Precision measurement of K+ →
pi+νν¯ and other rare processes. PoS, KAON13:035, 2013.
10. Andreas S. Kronfeld, Robert S. Tschirhart, Usama Al-Binni, Wolfgang Altmannshofer,
Charles Ankenbrandt, et al. Project X: Physics Opportunities. 2013.
11. Andrzej J. Buras, Dario Buttazzo, Jennifer Girrbach-Noe, and Robert Knegjens. K+ →
pi+νν¯ and KL → pi0νν¯ in the Standard Model: Status and Perspectives. 2015.
12. A. J. Buras, M. Gorbahn, U. Haisch, and U. Nierste. The rare decay K+ → pi+νν¯ at the
next-to-next-to-leading order in QCD. Phys. Rev. Lett., 95:261805, 2005.
13. Andrzej J. Buras, Martin Gorbahn, Ulrich Haisch, and Ulrich Nierste. Charm quark
contribution to K+ → pi+νν¯ at next-to-next-to-leading order. JHEP, 11:002, 2006.
14. Joachim Brod and Martin Gorbahn. Electroweak Corrections to the Charm Quark Con-
tribution to K+ → pi+νν¯. Phys. Rev., D78:034006, 2008.
15. Gerhard Buchalla and Andrzej J. Buras. Qcd corrections to rare k and b decays for
arbitrary top quark mass. Nucl. Phys., B400:225–239, 1993.
16. Mikolaj Misiak and Jorg Urban. QCD corrections to FCNC decays mediated by Z penguins
and W boxes. Phys.Lett., B451:161–169, 1999.
17. Joachim Brod, Martin Gorbahn, and Emmanuel Stamou. Two-Loop Electroweak Correc-
tions for the K → piνn¯u Decays. Phys.Rev., D83:034030, 2011.
18. Giulia Ricciardi. Status of |Vcb| and |Vub| CKM matrix elements. 2014.
19. J.A. Bailey, A. Bazavov, C. Bernard, C. Bouchard, C. DeTar, et al. B → pi`ν semileptonic
form factors from unquenched lattice QCD and determination of |Vub|. 2014.
20. E. Barberio et al. Averages of b−hadron properties at the end of 2006. 2007.
21. Sinya Aoki, Yasumichi Aoki, Claude Bernard, Tom Blum, Gilberto Colangelo, et al. Re-
view of lattice results concerning low-energy particle physics. Eur.Phys.J., C74(9):2890,
2014.
22. Andrea Alberti, Paolo Gambino, Kristopher J. Healey, and Soumitra Nandi. Precision
determination of the CKM element Vcb. 2014.
23. Andreas Crivellin and Stefan Pokorski. Can the differences in the determinations of Vub
and Vcb be explained by New Physics? 2014.
24. J. Beringer et al. Review of Particle Physics (RPP). Phys.Rev., D86:010001, 2012.
25. K. Trabelsi. World average and experimental overview of γ/ϕ3; presented at CKM 2014.
2014. http://www.ckmfitter.in2p3.fr.
26. Andrzej J. Buras, Fulvia De Fazio, and Jennifer Girrbach. The Anatomy of Z’ and Z with
Flavour Changing Neutral Currents in the Flavour Precision Era. JHEP, 1302:116, 2013.
27. Andrzej J. Buras and Robert Fleischer. Bounds on the unitarity triangle, sin 2β and
K → piνν¯ decays in models with minimal flavor violation. Phys. Rev., D64:115010, 2001.
28. Andrzej J. Buras, Dario Buttazzo, Jennifer Girrbach-Noe, and Robert Knegjens. Can we
reach the Zeptouniverse with rare K and Bs,d decays? JHEP, 1411:121, 2014.
29. Andrzej J. Buras, Fulvia De Fazio, Jennifer Girrbach, and Maria V. Carlucci. The
Anatomy of Quark Flavour Observables in 331 Models in the Flavour Precision Era. JHEP,
1302:023, 2013.
30. Monika Blanke, Andrzej J. Buras, Bjorn Duling, Stefan Recksiegel, and Cecilia Tarantino.
FCNC Processes in the Littlest Higgs Model with T-Parity: a 2009 Look. Acta
Phys.Polon., B41:657–683, 2010.
31. Monika Blanke, Andrzej J. Buras, Bjorn Duling, Katrin Gemmler, and Stefania Gori. Rare
K and B Decays in a Warped Extra Dimension with Custodial Protection. JHEP, 03:108,
2009.
32. Andrzej J. Buras, Dario Buttazzo, and Robert Knegjens. In preparation. 2015.
33. Gino Isidori and Rene Unterdorfer. On the short-distance constraints from KL,S → µ+µ−.
JHEP, 01:9, 2004.
34. Andrzej J. Buras and Jennifer Girrbach. Towards the Identification of New Physics
through Quark Flavour Violating Processes. Rept.Prog.Phys., 77:086201, 2014.
35. David M. Straub. Anatomy of flavour-changing Z couplings in models with partial com-
positeness. JHEP, 1308:108, 2013.
36. Gino Isidori, Federico Mescia, Paride Paradisi, Christopher Smith, and Stephanie Trine.
Exploring the flavour structure of the MSSM with rare K decays. JHEP, 08:064, 2006.
37. Christopher Smith. Rare K decays: Challenges and Perspectives. 2014.
